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Review

Introduction

The most widely accepted definition of epigenetics includes 
stably inherited modulations in the expression of genes that do 
not involve changes in their DNA sequence. Developments in 
the field of molecular biology have uncovered a new layer of 
complexity lying beyond classical epigenetic mechanisms, such 
as methylation of DNA or posttranslational modification of his-
tones. In this new view, gene expression can vary due to the 
function of RNA molecules themselves as well as their inter-
actions with DNA and/or proteins. Specifically, increasing 
emphasis is being placed on the ability of non-coding RNA 
(ncRNA) transcripts to modulate gene expression and, thus, on 
their role as epigenetic modifiers. In this review, we focus on 
direct interactions between ncRNA and both traditional and 
emerging epigenetic processes, as well as instances in which tar-
geting of ncRNAs has important downstream consequences for 
gene expression.

ncRNA Classification

Recent efforts by several consortia have made it clear that 
the vast majority of the human genome is transcribed, but that 
only around 2% of these transcripts are translated into protein. 
Many of the remaining transcripts—which do not code for pro-
tein—were at first regarded as “junk” or experimental artifact, 
but mounting evidence demonstrates that these RNA molecules 
can indeed be functional. Furthermore, the significance of this 
transcription to mammalian biology is supported by the strong 
correlation between organismal complexity and size of the non-
coding, rather than protein-coding genome.1 ncRNAs less than 
200 nucleotides in length are generally classified as short, while 
all larger transcripts are regarded as long ncRNA (lncRNA). 
There are several subtypes of long and short ncRNA species, 
many of which are involved in regulation of gene expression, and 
these can be further grouped according to their genomic origins 
and biogenic processes.

lncRNAs are highly diverse in structure and function; there-
fore, sequence length and lack of protein-coding capacity are 
perhaps their only defining characteristics. Nevertheless, sev-
eral patterns have emerged which are of interest in the context 
of epigenomic regulation. One important consideration is that, 
while sequence conservation of lncRNAs is reportedly poor, tran-
scripts with corresponding positions and directions in reference 
to protein coding genes are more common, indicating that their 
functions may well be conserved.2 lncRNAs are frequently pro-
cessed similarly to mRNA and can be found in nuclear or cyto-
solic fractions.3,4 They are often transcribed from protein coding 
loci, but several lncRNA subclasses with differing origins have 
been described (Table 1). Some belong to introns,5 are composed 
of transposable genomic elements6 or form a sense-antisense pair 
called a “natural antisense transcript (NAT).”7 The existence of 
long ncRNAs has been acknowledged for several decades; how-
ever, the description of “long intergenic ncRNA (lincRNA)” was 
relatively recent. While the terms are occasionally used inter-
changeably in the literature, it bears noting that “lincRNA” 
refers only to the subset of lncRNAs that arises from intergenic 
regions.8,9 Interestingly, there is transcription at activity depen-
dent neuronal enhancer domains10 and lncRNAs with enhancer-
like properties have also been reported.11 While functional roles 
of lncRNAs are varied, they can be grouped into one or a com-
bination of several patterns.12 For example, some transcripts are 
produced in reaction to perturbations in the cellular environ-
ment while others serve as intermediaries, facilitating or blocking 
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epigenetic regulation of gene expression is an increasingly 
well-understood concept that explains much of the contribu-
tion of an organism’s environment and experience to its biol-
ogy. However, discussion persists as to which mechanisms 
can be classified as epigenetic. Ongoing research continues 
to uncover novel pathways, including the important role of 
non-protein coding RNA transcripts in epigenetic gene regu-
lation. we know that the majority of human and other mam-
malian transcripts are not translated but that many of these 
are nonetheless functional. These non-coding RNAs (ncRNAs) 
can be short (<200 nt) or long (<200 nt) and are further classi-
fied by genomic origin and mechanism of action. we discuss 
examples of ncRNAs that interact with histone modifying com-
plexes or DNA methyltransferases to regulate gene expression, 
others that are targets of these epigenetic mechanisms, and 
propose a model in which such transcripts feed back into an 
epigenetic regulatory network.
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known processes (including epigenetic mechanisms, discussed 
below) involving nucleic acids and/or proteins.

In contrast to lncRNAs, short ncRNAs have been extensively 
classified based on their genomic origins and precise mecha-
nisms of action. Many of these subgroups have important conse-
quences for gene expression, affecting transcription itself as well 
as downstream processes. Perhaps the best studied of these are 
the microRNAs (miRNAs), which are 20–23 nucleotides (nts) 
in length and usually recognize target mRNAs by complemen-
tarity to a 2–7 nt long seed region in the 3′-UTR,13,14 but may 
also target the 5′-UTR.15 This binding activates the miRNA-
induced silencing complex (miRISC) through which miRNAs 
act as posttranscriptional repressors of gene expression. This 
process includes the endoribonuclease Dicer, which cleaves 
double stranded RNA (dsRNA), and is involved in the forma-
tion of another emerging class of short ncRNAs, the endog-
enous siRNAs (endo-siRNAs). These transcripts are not yet 
well understood, but it has been reported that unlike miRNAs, 
endo-siRNAs require extensive sequence complementarity to 
induce gene repression.16 To produce these small endo-siRNAs, 
Dicer cleaves long double-stranded ncRNAs formed from natural 
sense-antisense transcript pairs (cis-nat siRNAs) at a single locus 
or from gene-pseudogene pairs (trans-nat siRNAs), which may 
include transcripts from distinct chromosomes,17 or from hairpin 
loops formed at inverted repeat-containing sequences.18 Another 
category of endogenous short RNAs, the PIWI-interacting 
RNAs (piRNAs), are 26–30 nt, single-stranded and Dicer inde-
pendent. piRNA precursor transcripts undergo endonucleolytic 
cleavage in the cytoplasm, are loaded into the Aubergine (Aub) 
or Piwi chaperone complex for 3′ trimming and methylation, 
completing the primary biogenesis pathway. When loaded into 
Aub, piRNAs can then be amplified via secondary biogenesis, 
a similar process that first involves recognition and loading of a 
cognate transcript onto the Piwi protein, Argonaute 3 (Ago3).19 
piRNAs can silence transcription of target RNAs (frequently 
transposable elements recognized as “non-self”) through perfect 
or mismatched base pairing, leading to trimethylation of histone 

3 lysine 9 (H3K9me3, a marker of inactive chromatin) by one of 
several histone methyltransferases.19

Many of the gene regulatory functions performed by the 
ncRNAs described above are dynamic, sensitive to environmen-
tal changes and therefore may fit an expanded view of epigenetics 
as discussed in the following section. We limit our focus on 
these long and short ncRNA species; other publications provide 
excellent overviews of known classes of functional ncRNAs.20,21 
Additionally, the overall transcriptional landscape of human cells 
has been extensively described by the ENCODE and FANTOM 
projects.22,23

Defining Epigenetics

As mentioned above, epigenetics is widely known as the reg-
ulation of gene expression without changes to DNA sequence. 
Currently, there is discussion in the field as to how stable and 
heritable a mechanism must be in order to be classified as “epi-
genetic” and, whether it is acceptable to include not only those 
marks retained across generations of organisms, but also those 
passed on during cell divisions, along with other categories of 
self-perpetuating marks.24 Patterns of DNA methylation, a clas-
sical epigenetic mark linked to gene repression, have indeed been 
shown in both plants and mammals to be stably transmissible to 
offspring.25,26 On the other hand, DNA methylation status is not 
transmitted with perfect fidelity, causing differences in pattern 
even among clonal cell populations.27,28 Furthermore, although 
histone protein modifications are considered traditional epigen-
etic mechanisms, they are dynamically edited by demethylases 
(discussed below) and their distribution can turn over within 
hours in response to environmental stimuli.29-31 Consequently, 
others have argued for an expansion of our working defini-
tion of epigenetics that includes alterations to chromatin which 
reflect dynamic cellular environments and activity states.32,33 
Nonetheless, the biology of stable maintenance of chromatin 
marks is an important component of epigenetic phenomena that 
is yet to be worked out, and regulation by ncRNA is likely part 
of the picture.

Table 1. Classification of lncRNAs.

lncRNA subtype Origin Function

Natural antisense transcript (NAT)

cis-NAT: sequence complementarity  
to a coding RNA at the same locus

Regulates expression of sense partner transcript

trans-NAT: sequence complementarity  
to a coding RNA at a distal genomic locus

Likely regulates expression of sense partner transcript, 
may have other functions

Long intergenic noncoding RNA (lincRNA)
encoded between known protein coding 

genes or within introns. macroRNA  
or vlincRNA = very long intergenic RNA

Functions not fully characterized, likely include regulation 
of transcription, RNA stability, recruitment of protein 

complexes and other subcellular elements

Sense overlapping
Transcribed from same strand of DNA  

as another transcript

Sense intronic
Originate from introns of coding genes;  

do not overlap with exons

Processed transcript
RNA transcript that is spliced  

and/or polyadenylated

LncRNAs, which are all non-coding transcripts longer than 200 nucleotides, can vary greatly in their genomic origin, relationship to coding genes, and level 
of processing. while definitions continue to evolve, we present several of the terms currently in use.
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It is known that during fertilization and implantation of 
embryos, DNA demethylation and subsequent re-methylation 
occurs34 and that DNA methyltransferases (DNMTs) 1–3 propa-
gate CpG methylation after S-phase across mitoses by associating 
with hemimethylated DNA (reviewed in ref. 35). Transmission 
of histone modifications could involve Polycomb proteins (dis-
cussed below) and has been alternately hypothesized to follow 
a “semi-conservative” model (similar to DNA replication)36 or a 
random pattern, in either case most likely relying on a “reader” 
molecule to recognize and spread the parental methylation to 
newly synthesized histones. 37 As we will illustrate with specific 
examples below, ncRNA species are involved in gene silencing 
and activation by influencing the mechanisms mentioned above. 
The role of ncRNA in epigenetic inheritance appears therefore to 
be in recruitment and guidance of these processes at the appro-
priate moment in cell cycling or throughout the development and 
lifespan of an organism.

It is in this context that we incorporate ncRNA regulation 
of gene expression into a larger epigenetic network. It should be 
noted that transcription factors creating lasting effects through 
positive feedback loops could also be included, but are beyond 
the scope of this review (see ref. 24 for more information). First, 
genomic loci producing non-coding transcripts are subject to 
epigenetic regulation similar to that of protein-coding genes.38-42  
Therefore, as with coding genes, environmental influences can 
lead to changes in their expression and to functional disturbances. 
We can include in this category the transcription of lncRNAs 
designated as “signals,”12 as these are examples of activity-depen-
dent, sequence-independent changes in gene expression. In turn, 
both short and long ncRNAs modulate gene expression through 
mechanisms that will be discussed in detail below. As both tar-
gets and enactors of expression changes, ncRNAs are important 
messengers of gene regulation. In the following sections, we out-
line mechanisms of ncRNA-dependent regulation of gene expres-
sion, many of which involve traditional epigenetics.

lncRNA-Mediated Gene Silencing Through 
Polycomb Mechanisms

The Polycomb group (PcG) of proteins was identified in  
D. melanogaster for their ability to cause heritable gene silenc-
ing, in particular through mediation of X inactivation.43,44 
Polycomb complexes occurring in different species are composed 
of analogous subunits with specialized roles; these include pro-
teins with putative RNA binding domains (RBDs) or catalytic 
domains with histone-modifying activity (e.g., SET) as in mam-
malian EZH2 and CLF in Arabidopsis thaliana.45-49 Other sub-
units, including the chromodomains found in core Polycomb 
Repressive Complex 1 (PRC1) proteins, have been shown to 
bind modified histones such as trimethylated histone 3 lysine 27 
(H3K27me3) thereby targeting the locus for further modifica-
tion and gene repression.50,51

As was first shown for ANRIL, the antisense lncRNA located 
in the p14/p15/INK4 locus, these transcripts can cause gene 
repression via PcG recruitment and formation of heterochro-
matin.52-54 Another well-studied example of a ncRNA involved 

in gene silencing through Polycomb recruitment is that which 
takes place during X–chromosome inactivation (XCI), which 
ensures equal X-linked gene dosage in female mammals. XIST, 
a conserved 17kb lncRNA, is widely known to be essential to 
this process and to be inhibited by its antisense partner TSIX 
(also non-coding).55-58 A short repeat RNA (RepA) found within 
XIST recruits Polycomb repressive complex 2 (PRC2) to the 
locus, leading to H3K27 trimethylation, silencing and spreading 
of XCI throughout the X chromosome.59-62 It has been shown 
that PRC1 is also recruited to the X-inactivation center,63,64 likely 
due to the deposition of H3K27me3 marks as described above, as 
well as through an H3K27me3-independent pathway.65

In contrast to the widespread X-chromosome gene silenc-
ing resulting from XCI, other lncRNAs invoke PcG proteins 
for more targeted repression. On a somewhat smaller scale, 
imprinting of a region on human chromosome 11p15.5 (involved 
in Beckwith-Wiedemann syndrome) appears to be controlled 
at least in part by the paternally-expressed antisense ncRNA 
KvDMR1/LIT1/KCNQ1OT1.66-68 This 91 kb-long transcript 
mediates bidirectional silencing by interacting with chromatin in 
a tissue lineage-specific manner and recruits histone methyltrans-
ferase members of the PRC2 complex, as well as the enzyme G9a, 
resulting in an increase in repressive histone modifications in the 
Kcnq1 domain.69 Even more targeted still is the repression of the 
negative regulator of flowering (at the flowering control (FLC) 
locus) in A. thaliana by the COLDAIR RNA. In this organism, 
vernalization causes transcription from within the FLC intron 
1 of COLDAIR, which appears to recruit PRC2 through CLF 
binding.70 Another targeted mechanism of PcG recruitment is 
that of the NAT to brain-derived neurotrophic factor (BDNF), 
BDNF-AS. Chromatin immunoprecipitation of mammalian 
cells treated with siRNAs against BDNF-AS demonstrated 
reduced promoter occupancy by the PRC2 component EZH2, as 
well as a decrease in H3K27me3 at that locus.71

It is clear from the above that lncRNAs play an important role 
in targeting PcG proteins to coding regions; however, they may 
be significant even as targets of Polycomb complexes. For exam-
ple, the enhancer region of mouse Neurog1, a proneural basic 
helix-loop-helix protein important for neuronal fate specification 
and differentiation, is home to a 1.4-kb sense-oriented ncRNA 
called utNgn1. This transcript was shown be a target of PcG 
silencing during later (gliogenic) stages of development. Both 
Neurog1 and utNgn1 are more highly expressed during earlier 
developmental stages, and the non-coding transcript was shown 
to positively regulate expression of Neurog1. In later development, 
utNgn1 becomes a target of Ring1B (a component of PRC1), and 
suppression of Neurog1 is achieved indirectly by PcG regulation 
of the enhancer-derived RNA utNgn1.72 This illustrates a poten-
tial functional paradigm for ncRNAs as intermediaries, in which 
they not only serve to recruit epigenetic (and other) enzymes to a 
particular locus, but are targeted themselves in order to modify 
their ability to regulate their partner genes.

Most of the aforementioned lncRNAs interacting with 
Polycomb complexes are examples of transcripts operating in cis, 
meaning they target the same genomic region from which they 
are transcribed. Other lncRNAs have been described that work 
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in trans, using PcG mechanisms to modify expression of distant 
loci. HOTAIR, a 2.2-kb trans-active lncRNA transcribed from 
chromosome 12, represses a 40-kb stretch of homeobox genes 
on human chromosome 2 by recruiting PRC2 and LSD1; this 
causes H3K27 trimethylation and loss of the activating mark H3 
lysine 4 trimethylation (H3K4me3).73-75 Recently, overexpression 
of a trans-acting lincRNA, termed linc-UBC1, was reported in a 
sample of bladder cancer tissues. This transcript associates with 
at least two PRC2 subunits—EZH2 and SUZ12—and may be 
involved in repression of several known targets of that complex.76 
Furthermore lncRNA-H19, originally described as a key player 
in genomic imprinting,77-79 was shown to promote metastasis 
(also in bladder cancer) by derepressing the Wnt pathway in trans 
through a PRC2-dependent mechanism.80

Despite the significant evidence that PRC2 and other 
Polycomb proteins are recruited by lncRNAs and function 
largely in gene repression, association of PRC2 with active chro-
matin (as defined by the presence of activating histone marks and 
RNA polymerase II occupancy) has been reported. Specifically, 
the mammalian PRC2 subunit EZH1 may bind active domains 
and promote transcriptional elongation during myocyte devel-
opment, as demonstrated with ChIP-seq and siRNA knock-
down of Ezh1.81 More broadly, a recent study found that human 
PRC2 promiscuously binds RNA both in vitro and in vivo. This 
includes RNA from other species—even one that does not pos-
sess PcG proteins, such as E. coli.82 Furthermore, the authors 
report that while EZH2 binds both active and repressed chro-
matin, transcription of the active subset of genes is not affected 
by loss of SUZ12, the subunit responsible for PRC2 inhibition. 
Therefore, binding of active chromatin likely represents a distinct 
function, adding to the complexity surrounding the interaction 
between PRC2 and RNA species.

lncRNAs and Other Epigenetic Complexes

We have discussed above many of the known interactions 
of lncRNAs with PcG protein complexes; however, this class 
of transcripts has also been shown to regulate gene expression 
through interactions with several other epigenetic enzymes. In 
fact, Fendrr, a lncRNA involved in cardiac development, is linked 
to down or upregulation of individual genes by specifically bind-
ing and/or modulating the promoter occupancy of both PRC2 
and the H3K4 methyltransferase TrxG/MLL.83 In contrast to 
lncRNAs that function exclusively through PRC2 mechanisms, 
other transcripts act by increasing expression of target genes. 
HOTTIP is expressed primarily in distal cells (e.g., foreskin and 
foot fibroblasts) and has been shown to be necessary for activa-
tion of HOXA genes through its binding and recruitment of the 
MLL1 subunit WDR5 to the locus.84

Beyond regulation of gene expression through histone modi-
fications, lncRNAs have also been implicated in gene silenc-
ing through DNA methylation. One example is Kcnq1ot1, the 
mouse homolog of the imprinting control RNA described above. 
In addition to interacting with PRC2 and G9a, it appears that 
through a critical 890-bp region, this transcript recruits the DNA 
methyltransferase Dnmt1 to CpG islands of imprinted genes.85 

Another interesting case is the natural antisense transcript 
(NAT) AS1DHRS4. lncRNAs in this class frequently regulate 
their sense partners in cis;86 this NAT does so as well by main-
taining epigenetic silencing through G9a and EZH2. However, 
AS1DHRS4 may also induce repression in trans, by controlling 
localization of several DNMTs to the promoter regions of two 
nearby transcripts, DHRS4L1 and DHRS4L2.87

Most of the epigenetic actions of ncRNAs discussed thus far 
have involved the addition of a particular mark; however, the 
dynamic landscape of histone and DNA modifications suggests a 
mechanism for their removal as well. While histone deacetylation 
and dephosphorylation and DNA demethylation have been rec-
ognized for some time,88,89 the idea of histone demethylation 
was controversial until the discovery of the nuclear amine oxi-
dase homolog LSD1 in 2004.90 As mentioned above, this enzyme 
has since been shown to cause gene repression when anchored to 
target genes by the lncRNA HOTAIR by removing the activat-
ing mark H3K4me3;75 however, other demethylase species may 
potentially activate expression by targeting other methylated his-
tones. Recently, the locus-specific H3K4me3 demethylase Fbxl10 
was shown to associate with several gene promoters, including 
that of Xist, through its PHD domain.91 Flowering of A. thaliana 
also appears to be controlled in part by FLD, a homolog of LSD1, 
which may require 3′ processing of an antisense RNA in order to 
be active.92-93 In the spore-forming yeast Saccharomyces cerevisiae, 
global H3K4 demethylation has been shown to repress sense and 
antisense non-coding transcription surrounding the transcrip-
tion start sites of coding genes.94 The downstream consequences 
of this silencing have yet to be worked out; nevertheless, given 
our current knowledge of ncRNA action, this observation sug-
gests that in addition to direct cooperation of lncRNAs with 
demethylases, targeting of these transcripts by epigenetic mecha-
nisms may serve as an indirect mechanism of effecting changes 
in gene expression.

Epigenetic Mechanisms of Short ncRNAs

Many short ncRNAs control gene expression by affecting 
transcription or mRNA stability, but here we consider the evi-
dence that these transcripts influence some familiar epigenetic 
mechanisms. First, transcription of 50–200 nt short RNAs was 
described from H3K27me3-rich PRC2 target genes undergoing 
cell-type specific silencing. Indeed, these short RNAs interact 
with PRC2 through stem-loop structures, stabilizing the complex 
near the site of transcription and leading to chromatin repression 
in cis.95 We have already presented one such example—the short 
repeat RNA RepA, which is key for binding of Xist and PRC2.62

Furthermore, miRNAs are known to regulate expression of 
several components of Polycomb complexes, thereby affecting 
their downstream actions. At least two miRNAs that are down-
regulated by oncogenes or other players involved in tumorigenesis 
appear to target the histone methyltransferase EZH2, resulting 
in EZH2 overexpression.96-99 Several other miRNAs act as tumor 
suppressors by inhibiting the stem cell factor Bmi1, which is also 
a component of PRC1.100-102 Another, miR-214, reduces Ezh2 
expression and promotes skeletal muscle differentiation.103 The 
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RNAi pathway also influences posttranscriptional chromatin 
modifications104 and is crucial for formation of heterochromatin 
and its propagation across cell divisions;105 this suggests a mecha-
nism for endo-siRNA-induced gene expression changes. Indeed, 
H3K9 methylation of heterochromatin in Drosophila is depen-
dent on cytoplasmic localization of transposable element-derived 
endo-siRNAs.106

Histone deacetylases (HDACs), like PcG proteins, are 
involved in gene silencing but do so by removing activating 
marks, rather than through deposition of repressive modifica-
tions. Furthermore, some HDACs have been implicated in dis-
ease—for example, HDAC1 overexpression has been observed in 
certain types of cancer, and (at least in prostate cancer cells), may 
normally be targeted for repression by miR-449a.107 However, in 
hepatocellular carcinoma (HCC) cells overexpressing HDACs 
1–3, decreased miR-449a signaling was reported and was linked 
to decreased proliferation and tumor formation.108 These con-
trasting findings may reflect differences between tissue types, 
or represent a more complex feedback system that remains to be 
clarified.

miRNAs have also been shown to downregulate DNA meth-
ylation, most frequently resulting in increased gene expression. 
In lung cancer and leukemia cells, the miR-29 family has been 
shown to target DNMT1 and 3, and restored expression of these 
miRNAs is associated with decreased tumorigenicity in vitro 
and in vivo.109,110 Interestingly, the DNMT3b3 splice variant of 
DNMT3b lacks the conserved site targeted by miR-148. This 
renders it resistant to repression by the miRNA, and means that 
downregulation of other DNMT3b variants results in increased 
relative abundance of DNMT3b3 due to miR-148.111 miR-132, 
which is dysregulated in schizophrenia and is involved in antiviral 
innate immunity and circadian timing, has been to shown regu-
late gene expression by directly inhibiting DNMT3A, the tran-
scription factor GATA2, EP300 (a transcriptional co-activator), 
as well as several members of histone modifying complexes in 
vitro and in vivo.112-114 Endo-siRNAs may also be involved in de 
novo DNA methylation, as seen with the A. thaliana gene FWA. 
In this case the process appears to occur in two steps, including 
initial recruitment of siRNAs to pre-methylated FWA and then 
either cis- or trans-directed DNA methylation of transgenic cop-
ies introduced by transformation with Agrobacterium.115,116 Thus, 
we see that there are many interactions between short ncRNAs 
and traditional epigenetic pathways, but modulation of these 
transcripts themselves can also have important consequences.

Short ncRNAs as Epigenetic Intermediaries

As mentioned in the above examples, in addition to influenc-
ing the expression and function of epigenetic enzymes, many 
ncRNAs are targets of these same processes. Unlike other epi-
genetically regulated genes, however, this often has the effect 
of propagating further expression changes downstream. This 
concept is well illustrated by both normal biology and pertur-
bations occurring in disease. For example, hypermethylation 
and decreased expression of one group of miRNAs was linked 
to human breast cancer117,118 and that of another group to the 

metastatic process.119 Also, several miRNAs (including miR-
128a) are more highly expressed in adult compared with pedi-
atric cerebellum, and are downregulated in medulloblastoma, a 
cerebellar tumor. Normally associated with neuronal differentia-
tion, miR-128a appears to inhibit Bmi-1, a member of the epi-
genetic polycomb repressor (PRC1) complex, promoting buildup 
of reactive oxygen species and arresting proliferation of medul-
loblastoma cells.120 Thus, the normal developmental program 
involves dynamic expression of this ncRNA, while reversion to 
an early developmental state is associated with cancer. Loss of 
posttranscriptional repression of the single miRNA target results 
in increased action by the PRC1 complex, likely causing wide-
spread changes in chromatin state.

miRNAs are not the only short RNAs that may be involved in 
disease pathogenesis through epigenetic pathways. Endo-siRNA 
function was originally described in oocytes, but there is now 
evidence that these RNAs may also cause environmentally sensi-
tive gene expression changes in somatic tissues. In Caenorhabditis 
elegans, orthologs of the acute lymphoblastic leukemia (ALL-1)-
fused gene (AF10) and Retinoblastoma (lin-35) appear to control 
gene expression through endo-siRNAs.121 A study of A. thaliana 
revealed that a bacterial pathogen found in its environment, 
Pseudomonas syringae, upregulates the endogenous cis-nat siRNA 
nat-siRNAATGB2, resulting in suppression of PPRL expres-
sion.122 Human HCC tissue was shown to have significantly 
downregulated expression of a set of endo-siRNA precursors and 
upregulation of their cognate genes and others. Normally, the 
ψPPM1K-derived endo-siRNA decreases HCC cell proliferation 
by directly suppressing NEK8.123 As HCC (among other cancers) 
is commonly associated to diet and other environmental stimuli, 
future studies would do well to establish a direct link between 
these factors and ncRNA tumorigenesis.

Another study of HCC cell lines and patient tissue uncov-
ered a novel piRNA, piR-Hep1, that is overexpressed in tumors 
and may increase cell viability and migration.124 However, the 
majority of literature on piRNAs describes their involvement in 
spermatogenesis, and disruptions in piRNA processing have been 
reported in studies of male infertility. A genome-wide analysis of 
DNA methylation in testicular biopsies of infertile males revealed 
promoter hypermethylation and transcriptional silencing of the 
piRNA biogenesis genes PIWIL1/2 and TDRD1/9, resulting in 
decreased expression of selected piRNAs and their target genes.125 
A similar observation was made in a study of Drosophila brain 
tumors: microarray profiling and deep sequencing showed dys-
regulated expression of four piRNA-biogenesis genes and 19 piR-
NAs, respectively.126

Concluding Remarks

In the preceding sections, we considered the diverse mecha-
nisms through which long and short ncRNAs exert changes 
in gene expression. Many of these transcripts are necessary for 
proper targeting of histone modifying complexes or play a role 
in DNA methylation. Perhaps a contemporary definition of epi-
genetics ought to also include the gene silencing or upregulation 
caused by non-coding RNAs, which occurs in normal biology 
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and is subject to the influence of epigenetic complexes. This 
broader interpretation could then incorporate disease-causing 
environmental influences that are passed on across cell divisions, 
as seen in cancer. It would also cover critical discrepancies in gene 
expression, observed between cells with identical DNA sequence, 
during differentiation or among developing tissues. Importantly, 
when ncRNAs are themselves targeted for repression or overex-
pression, this can be an effective way of amplifying changes in 
the levels of downstream effectors.

Future studies clarifying the link between environmen-
tal stimuli and changes in ncRNA function are key to a more 
complete understanding of the role of these transcripts. This 
information would contribute to the modified version of Francis 
Crick’s “central dogma,” in which RNA is not only a stop on 
the journey between DNA and protein, but provides important 

regulatory feedback influencing both transcription and trans-
lation. Therefore, in addition to the role of ncRNA in classical 
epigenetics, we propose that transcripts targeted by these mecha-
nisms serve as epigenetic intermediaries, transmitting the mes-
sage throughout a vast network of dynamic regulation of gene 
expression (Fig. 1).

Disclosure of Potential Conflicts of Interest

CW is a consultant for Opko Health (formerly CuRNA) and 
a co-founder of Epigenetix Inc..

Acknowledgments

We would like to thank Andrea Johnstone, PhD and 
Mohammad Faghihi, MD, PhD for their insightful comments 
and for critically reading the manuscript. 

Figure 1. environmentally sensitive, dynamic regulation of gene expression by long and short ncRNAs occurs through direct and indirect interaction 
with classical epigenetic mechanisms, forming a larger epigenetic network. ncRNAs are known to bind and recruit histone modifying complexes to 
either add (A) or remove (B) methyl and acetyl groups. These transcripts also modulate DNA methyltransferases (C), thereby facilitating or suppressing 
DNA methylation. Loci that are targeted by each of these mechanisms can encode protein coding and/or noncoding RNA transcripts (D). ncRNAs in turn 
can affect gene expression by interacting with mRNA, or through feedback into the previously discussed pathways (E).
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